Abstract Coccolith malformations occur more frequently in cultured specimens than in specimens from natural samples, a phenomenon commonly termed 'culture artefacts'. The causes of culture artefacts are unknown. Here, we tested the effect of culture flask shape, mixing, and cell density on the morphology of Emiliania huxleyi coccoliths. While there was no effect of different culture flask types typically used in coccolithophore culturing, continuous mixing reduced the percentage of malformations by ca. 11 % in exponential-phase cells (cell density ca. 80 9 10 3 cells per ml) and ca. 17 % in stationary-phase cells (cell density ca. 2 9 10 6 cells per ml). Stationary-phase cells displayed 19 % more malformations than mid-exponentialphase cells when not mixed at all and 20 % more malformations when continuously mixed. It is concluded that the lack of mixing and unnaturally high cell densities, typical for coccolithophore stock cultures, are partly responsible for culture artefacts.
Introduction
Coccolithophores, unicellular haptophyte algae, surround themselves with a sphere consisting of coccoliths, elaborately crafted calcareous platelets. Coccolith-calcite is, besides foraminiferal calcite, the most important pelagic source of calcium carbonate (Baumann et al. 2004 ). The latter feature, amongst others, renders coccolithophore biology in general and coccolith production in particular a topic of broad interest. Over the last decade, the potential response of coccolithophores to ocean acidification (Royal Society 2005) has received special attention. Ocean acidification refers to the decrease in sea surface water pH caused by anthropogenic CO 2 emissions and the subsequent uptake of CO 2 by the oceans. In a seminal study, it was first put forth that coccolith malformations (for details, see below) increase with increasing CO 2 /decreasing pH in a particular culture strain of Emiliania huxleyi (Riebesell et al. 2000) . The latter observation gave rise to the notion that coccolith malformations can be used as an indicator of ocean acidification. Subsequently, the applicability of laboratory observations to the coccolith sedimentary record was explored using a, with respect to morphology, particularly sensitive species (Langer et al. 2006) . Recently, it was argued that coccolith malformations in response to ocean acidification are crucial to the question of how coccolithophores will perform in an acidifying ocean .
Malformation was defined as 'irregular coccolith formation as a result of departure from the normal growth process (i.e. teratological malformation)' (Young and Westbroek 1991) . This implies that malformation is the result of a malfunction of the coccolith-shaping machinery per se, and therewith, incompleteness of a coccolith is not to be regarded as a malformation (Young and Westbroek 1991) . Either malformed coccoliths typically display a reduced symmetry (see Young and Westbroek 1991) or the shape of individual elements is changed (Young and Westbroek 1991) (Fig. 2) . The latter criterion was used in this study, because reduced symmetry was too inconspicuous to be unambiguously identifiable.
In view of the fact that culture experiments are the prime tool to investigate organism's responses to changing seawater carbonate chemistry, there is the obvious need to answer the question why coccolith malformations occur more frequently in cultured specimens than in specimens from natural samples (Langer et al. 2006; Langer and Benner 2009 ), a phenomenon commonly termed 'culture artefacts'. No solution to this problem has been discovered yet. It was shown that sub-optimal light and temperature conditions do not induce malformations in one culture strain of E. huxleyi, one of the most prominent coccolithophore (Langer et al. 2010) . Another strain of E. huxleyi, however, displayed a higher percentage of malformations at sub-optimal temperature (Watabe and Wilbur 1966) . It is difficult to decide which of these two responses to temperature is representative of E. huxleyi or even coccolithophores in general. The potential influence of temperature on coccolith morphology is currently under investigation in our laboratory, but shall not be the subject matter of this paper.
Coccolithophore cultures are typically so-called batch cultures (Probert and Houdan 2004) . Briefly, the latter usually feature 50-250-ml culture flasks, in which the cells are grown up to the maximally possible cell density. This is ensured by unnaturally high nutrient concentrations that are achieved through seawater additives (Probert and Houdan 2004) . Hence, coccolithophores in culture experience exponential as well as stationary growth phases. The maximal cell density, at which the stationary phase is reached, is species specific. The particular reason for the cessation of cell division (i.e. stationary growth phase) is largely unknown, because there are many possibilities, for example, micronutrient limitation, accumulation of toxic waste products, and altered carbonate chemistry. Normal coccolithophore stock cultures are rarely, if at all, mixed, resulting in sedimentation of the cells. So, there are several ways in which coccolithophore cultures are artificial; these include unnaturally high nutrient concentrations and therewith cell densities, the lack of mixing and concomitant sedimentation of cells, and the confinement in a small culture flask.
Since media additives for culturing coccolithophores usually contain unnaturally high nitrate concentrations (Probert and Houdan 2004) , it was hypothesized that these elevated nitrate concentrations cause malformations, but in the case of E. huxleyi, it was shown that this is not so (Langer and Benner 2009) . Apart from a brief treatment in Probert and Houdan (2004) , generally neglected points in the context of culturing of coccolithophores are the shape of the culture flasks, the mixing of the culture, and the cell density. Considering the fact that coccolithophores are planktonic organisms living in ocean surface waters, it is reasonable to hypothesize that the sedentary life these algae are forced to lead in a culture flask is stressful. Moreover, usual stock-culture cell densities are an order of magnitude higher than cell densities even in E. huxleyi blooms (Birkenes and Braarud 1952) . It is not known whether coccolith morphogenesis is influenced by flask shape, mixing, and cell density. Therefore, we tested the effect of culture flask shape, mixing, and cell density on the morphology of E. huxleyi coccoliths. Cells were grown in flasks typically used in coccolithophore culturing. For reference images of the flasks used, see Fig. 1 . Cultures were only manually mixed immediately before sampling for cell density. The following treatments characterized the experimental set-up (for a summary, see Table 1 ). (1a) Corning culture flask (polystyrene (PS), 250 ml) horizontal position (Fig. 1a) ; same as 2, but in addition to coccolith morphology, carbonate chemistry of seawater was monitored; early exponential growth phase. (1b) Corning culture flask (PS, 250 ml) horizontal position; same as 2, but in addition to coccolith morphology, carbonate chemistry of seawater was monitored; late exponential growth phase. (1c) Corning culture flask (PS, 250 ml) horizontal position; same as 2, but in addition to coccolith morphology, carbonate chemistry of seawater was monitored; beginning of stationary growth phase. (1d) Corning culture flask (PS, 250 ml) horizontal position; same as 2, but in addition to coccolith morphology, carbonate chemistry of seawater was monitored; 3 weeks into stationary growth phase. (2a) Corning culture flask (PS, 250 ml) horizontal position, exponential growth phase. (2b) Corning culture flask (PS, 250 ml) horizontal position (Fig. 1a) , stationary growth phase. (3a) Corning culture flask (PS, 250 ml) vertical position (Fig. 1b) , exponential growth phase. (3b) Corning culture flask (PS, 250 ml) vertical position (Fig. 1b) , stationary growth phase. centrifuge flask horizontal position (PS, 175 ml), stationary growth phase. Low cell densities in the dilute batch cultures (\80,000 cells ml -1 ) even at the termination of the experiments resulted in a quasi-constant carbonate system over the course of the experiment (Langer et al. 2007; Langer and Benner 2009 ). High final cell densities (ca. 2 9 10 6 cells ml -1 ) in the batch cultures led to an alteration in the carbonate system (for details, see 'Results and discussion'). Briefly, in dilute batch cultures, typically 2-4 % of the DIC is consumed, resulting in a pH shift of 0.03-0.05 units. In batch cultures, ca. 65 % of the DIC is consumed, resulting in a pH shift of ca. 1.3 units.
Materials and methods
Samples for alkalinity measurements were filtered through 0.6-lm nominal pore-size glass fibre filters (Whatman GF/F), poisoned with 1 ml 35 g l -1 HgCl 2 , and stored in acid-washed 300-ml borosilicate flasks at 0°C. DIC samples were sterile-filtered through 0.2-lm-pore-size cellulose-acetate syringe filters and stored in acid-washed 13-ml borosilicate flasks free of air bubbles at 0°C. Samples were measured within 2 days after sampling, which ensures constant DIC during storage total alkalinity (TA) was calculated from linear Gran plots (Gran 1952) after potentiometric titration (in duplicate) (Bradshaw et al. 1981; Brewer et al. 1986 ). DIC was measured photometrically (Stoll et al. 2001) in triplicate by means of a QuaAAtro autoanalyzer (Seal Analytical, Mequon, USA). Certified Reference Materials (Batch No. 54) supplied by A. Dickson were used to correct for inaccuracies of the measurements. Shifts in DIC concentrations due to CO 2 exchange were prevented by opening the storage vials less than 1 min prior to each measurement. Samples for pH measurements were sterile-filtered through 0.2-lm-poresize cellulose-acetate syringe filters and measured potentiometrically using a glass electrode (Schott Instruments, Mainz, Germany) and a WTW pH meter. Calibration was performed using NBS buffers. The measured pH NBS values were converted to the total scale using respective Certified Reference Materials (Tris-based pH reference material, Batch No. 2, Scripps Institution of Oceanography, USA; see also Dickson 2010) . All pH values are reported on the total scale.
The carbonate system was calculated from temperature, salinity, TA, pH (total scale), and phosphate using the DOS program CO 2 sys (Lewis and Wallace 1998) . The equilibrium constants of Mehrbach et al. (1973) refitted by Dickson and Millero (1987) were used. For determination of cell density, samples were taken daily or every other day and counted immediately after sampling using a Coulter Multisizer III (Beckman Coulter GmbH, Krefeld, Germany). Cell densities were plotted versus time, and growth rate (l) was calculated from exponential regression using the natural logarithm. For estimating the fraction of culture flask area covered in cells, we assumed that all cells present in the flask sit on the bottom. The area covered by a single cell was estimated by calculating the area of a circle using the radius of the cell obtained from the Coulter Counter measurements. Samples for scanning electron microscope analysis were filtered onto polycarbonate filters (0.8 lm pore size), dried in a drying cabinet at 60°C for 24 h, and then sputtercoated with gold-palladium. Imaging was performed with a Philips XL-30 digital scanning field-emission electron microscope. Four categories were used to describe the morphology of E. huxleyi: 'normal', 'malformed 1', 'malformed 2', and 'incomplete' coccoliths (Young 1994) ; for reference images for the categories, see Fig. 2. An average of approximately 350 coccoliths was analysed per sample (Langer and Benner 2009) . Classification of the coccoliths was made on captured images by all authors.
To avoid operator bias, samples were randomized and blind double counts were undertaken. These measures ensure robust, unbiased results (Langer et al. 2006; Langer and Benner 2009; Langer and Bode 2011; Langer et al. 2012 ). Recently, it was shown that results based on an objective, biometrical malformation index compare well with the classical, subjective categorization (Bach et al. 2012) .
Results
The results of the cell counts and morphological analysis are summarized in Table 2 . The carbonate chemistry of treatment 1 is summarized in Table 3 . Since not all flasks available were made of polystyrene, we used polycarbonate flasks as well. This made it necessary to test the effect of flask material. Cells produced 73 % normal coccoliths in the polycarbonate flask and 68 % in the polystyrene flask (Fig. 3) . Mixing of exponential-phase cells during the light phase only resulted in an increase in normal coccoliths of 5 and 7 % (Fig. 4) . Mixing of exponential-phase cells by means of a shaker table led to an increase in normal coccoliths of 5 % (mixing during the light phase only) and 12 % (continuous mixing) (Fig. 5) . Continuous mixing of exponential-phase cells increased the percentage of normal coccoliths by 10 % when performed by a rotating wheel and 12 % when performed by a shaker table (Fig. 6) . Continuous mixing of stationary-phase cells increased the percentage of normal coccoliths by 17 % when performed by a rotating wheel and 16 % when performed by a shaker table (Fig. 7) . Continuously mixed cells displayed 20 % more normal coccoliths in exponential phase than in stationary phase (Fig. 8) . Static cells displayed 19 % more normal coccoliths in exponential phase than in stationary phase (Fig. 9) . Finally, the percentages of normal coccoliths 
Discussion
Cells of E. huxleyi were grown in different culture flasks (see 'Materials and methods', Fig. 1 ), both in a static set-up and in motion. Within the latter set-up, we further distinguished between keeping the flasks constantly in motion and keeping the flasks in motion during the light phase only. All cultures were grown to stationary phase, but sampled also in exponential growth phase. Coccolith morphology data are compiled in Table 2 . Sample numbers 1-5 and 10-11 refer to the static set-up, whereas sample numbers 6-9 refer to the cultures kept in motion (Table 1) . Experiments 10 and 11 aimed at testing the influence of flask material, that is, polycarbonate (sample number 10) and polystyrene (sample number 11). Cells grown in the latter type of flask produced almost 6 % less normal coccoliths than cells grown in the former (compare 10a with 11a, Fig. 3 , Table 2 ). We are, in general, very cautious in ascribing meaning to a difference of less than 10 % (Langer et al. 2012) . Therefore, we regard the difference between polycarbonate and polystyrene as not meaningful. The caution employed here is especially appropriate because there are only two treatments that are compared. There is, consequently, no gradual increase in a potentially influential factor, making it easier to identify effects. The latter is not true with regard to the potential effect of mixing. While mixing the cells during the light phase only has a less than meaningful (i.e. less than 10 %, precisely 4 and 7 %, Fig. 4, Table 2 ) effect on morphology, the constant mixing resulted in a 10 and 12 % increase in the percentage of normal coccoliths (Figs. 5, 6 ). Therefore, we conclude that mixing has a small but discernible effect on coccolith morphogenesis. Please note that the same trend can be seen in the stationary-phase samples, where it is slightly more pronounced, that is, 16 and 17 % (Fig. 7) . While the effect of mixing is modulated by cell density, the latter itself has an effect on morphogenesis. The percentage of normal coccoliths decreases with increasing cell density as can be observed in mixed cultures (Fig. 8) as well as in static Table 1 . n normal, m 1 malformed type 1, m 2 malformed type 2, i incomplete. For reference images, please refer to Fig. 2 cultures (Fig. 9) . Interestingly, the cell density effect is equally big in mixed (20 %, Fig. 8 ) and static (19 %, Fig. 9) cultures. This implies that cell density and mixing independently affect morphogenesis. Please note that the cell density for treatment 1d was not determined (and consequentially no fraction of flask bottom covered in cells can be given). Since the cells were already in stationary phase (treatment 1c), a change in cell density could only have arisen from disintegration of dead cells. Whether this actually happened or not, however, is irrelevant for the comparison between 1c and 1d, which shows that 3 weeks in stationary phase do not lead to an increase in malformations, although it is likely that some coccoliths were produced as inferred from the consumption of 118 lmol kg -1 of TA (see Table 3 ). It is not possible to explain the effects of both mixing and cell density in terms of an unfavourable microenvironment as detailed in the following. It is tempting to assume that cells that sit in stacks on the bottom of a culture flask create a microenvironment around themselves, which is depleted in necessary ions and/or molecules, for example, nutrients, and enriched in toxic waste products. The higher the cell density and/or the less efficient the mixing, the bigger the difference between the microenvironment and the bulk water chemistry would be. While it is possible, though not free of difficulties, to explain the effect of mixing in terms of a microenvironment (see below), this explanation cannot hold for the cell density effect. The latter is as pronounced in mixed cultures as in static ones (Figs. 8, 9 ), clearly implying that a microenvironment, which is absent in mixed cultures, cannot be involved in causing the effect.
If a microenvironment was crucial to understanding the effect of mixing, it would be reasonable to assume that the effect is more pronounced in higher cell stacks. This issue can be assessed by comparing the effect of different culture flasks and different positions (horizontal or vertical) of one flask. These various set-ups result in different culture volume to flask-bottom-area ratios and therewith in different fractions of flask bottom covered in cells (Table 2) . A fraction of 1 indicates one single layer of cells, a fraction of 2 means two layers, and so on. Only in two cases (samples 3b and 5b, Table 2) did the fraction exceed unity, not even reaching 2. This means that, counter-intuitively, cells in a standard stock culture (treatment 2, Table 1 is probably most common) are not stacked, even in stationary phase. While multi-layers of cells would most likely lead to a microenvironment around the cells noticeably different from the bulk water, it is questionable whether this would be the case in an incomplete mono-layer. Judging from our morphological data only the influence of a microenvironment might be inferred, but it is highly unlikely that this is the main reason for the effect of mixing as detailed below.
Firstly, the cell density effect is slightly bigger in treatments 3 (19 %, Table 2 ) and 5 (24 %, Table 2 ) (fraction of flask bottom covered in cells maximally 1.88 and 1.67) than in treatments 1 (19 %, Table 2 ), 2 (16 %, Table 2 ), and 4 (16 %, Table 2 ) (fraction of flask bottom covered in cells maximally 0.54, 0.56, and 0.38). This observation might point to a bigger influence of the microenvironment with increasing flask area covered in cells. As a caveat, please note that the cell density effect is as big in treatment 3 (19 %, Table 2 ) as it is in treatment 1 (19 %, Table 2 ). However, if the above interpretation was correct, it would be inexplicable why the cell density effect is equally big in mixed and static cultures (Figs. 8, 9) . Secondly, the effect of mixing is slightly bigger in stationary-phase samples as opposed to exponential-phase samples (4-7 % difference, Figs. 6 and 7) , which, again, might point to the influence of a microenvironment. Whether the small difference (4-7 %, Figs. 6, 7) between exponential and stationary-phase samples justifies this interpretation is questionable. On a minor note, mixing also increases growth rate by ca. 6 % and stationary-phase cell density by ca. 30 % (Table 2) . Although intuitive, it remains enigmatic why exactly mixing is beneficial to the cells.
A similar conclusion can be drawn with regard to the cell density effect. The latter is noticeable when comparing mid-to late-exponential-phase cultures (Fig. 9) and conspicuous when comparing mid-exponential to stationaryphase cultures (Fig. 9) . While it is certain that the cells alter the seawater chemistry through growing, it is far from obvious, which specific alteration could cause the increase in malformations. A shortage of macro-nutrients and trace metals included in the f/2 supplement (see 'Materials and methods') is out of question, because the concentrations are too high. A particularly sensitive system in seawater is the carbonate system. In order to assess the potential effect of carbonate chemistry alterations, we determined the carbonate system in experiment 1 (Table 3) . It is well known that E. huxleyi is moderately sensitive to seawater acidification (for a recent overview, see Hoppe et al. 2011) ; this sensitiveness also includes coccolith morphology . However, E. huxleyi shifts the carbonate system towards higher pH through growth (Table 3) . A carbonate chemistry characterizing sample 1b has never been shown to cause malformations, but the latter are noticeable (13 % increase) in comparison with sample 1a (Fig. 9) . We therefore conclude that the cell density effect is not a carbonate chemistry effect. We believe that this conclusion also holds for the stationary-phase samples, although a caveat here is that coccolith morphology in response to such an extensive DIC consumption has never been studied. The continuity of the late-exponential and stationary-phase results, however, leads us to assume a common cause other than carbonate chemistry.
What then can the cause of the cell density effect be? It is surely possible that some essential compound not included in the f/2 supplement is consumed and hence becomes limiting. An alternative possibility would be the accumulation of a toxic waste product. Whatever the explanations for the effects of cell density and mixing are, it can on the one hand safely be concluded that these effects are partly responsible for culture artefacts in coccolith morphology. Static cells and cell densities of [10 6 cells per ml are purely artificial, that is,. do not occur in nature. On the other hand, it is highly unlikely that these two effects are solely responsible for culture artefacts. In a culture study in which four strains of E. huxleyi were grown under identical conditions, one strain was characterized by a morphology considerably different from that of the others . So, it seems as if morphology was also strain specific. While this might well be true, it is not the complete story either. One single strain of Calcidiscus leptoporus, grown under almost identical conditions on four occasions over the last decade, displayed considerably different morphologies (Langer et al. 2006; Langer and Bode 2011; Langer et al. 2012) . In the most recent study (Langer et al. 2012 ), a mixture of artificial and natural seawater was used, which might explain the stark contrast to the study carried out a couple of months earlier (Langer and Bode 2011) . We do not think that this explanation is sufficient, because a similar level of malformations was observed in the respective culture immediately before the experiment when the cells were grown in natural seawater. Anyhow, it can be concluded that the morphology of a single strain grown under similar conditions changes over time. The timescale of this change is long compared with the timescale of a typical culture experiment and therefore does not impair the latter (Langer et al. 2006) .
On the whole, the effects of mixing and cell density described here, although clearly detectable, are weak compared with differences in morphology often observed in cultured specimens of different species (e.g. Langer and Benner 2009 ). Besides the highly probable possibility that culture artefacts are caused by a multitude of (interdependent?) causes, it should be mentioned that E. huxleyi is the most robust coccolithophore species in culture. Regular observations of stock cultures over the last decade have clearly shown that other species, for example, C. leptoporus and Coccolithus braarudii, more often than not display a percentage of malformations clearly different from the one that can be found in typical sea surface water samples, whereas E. huxleyi often displays a morphology not noticeably different from the one of natural samples. We expect that the effect of mixing and cell density will be more pronounced in more delicate species. Since we tested only two materials, it remains an open question whether the culture flask material in general could have an effect on morphology.
